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Abstract
We report the structural and magnetic characterization of La-substituted
Gd1−xLaxRhIn5 (x ≤ 0.50) antiferromagnetic (AFM) compounds. The mag-
netic responses of pure GdRhIn5 are well described by a S = 7/2 Heisenberg
model. When Gd3+ ions are substituted by La3+, the maximum of the sus-
ceptibility and the inflection point of the magnetic specific heat are system-
atically shifted to lower temperatures accompanied by a broadening of the
transition. The data is qualitatively explained by a phenomenological model
which incorporates a distribution of magnetic regions with different transi-
tion temperatures (TN). The universal behaviour of the low temperature
specific heat is found for La (vacancies) concentrations below x = 0.40 which
is consistent with spin wave excitations. For x = 0.5 this universal behaviour
is lost. The sharp second order transition of GdRhIn5 is destroyed, as seen in
the specific heat data, contrary to what is expected for a Heisenberg model.
The results are discussed in the context of the magnetic behavior observed
for the La-substituted (Ce,Tb,Nd)RhIn5 compounds.
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1. Introduction
The intermetallic compound GdRhIn5 belongs to the familyRmMnIn3m+2n
(R = Ce-Tb; M = Rh, Ir or Co; m = 1, 2; n = 0, 1). When R = Ce, heavy
fermion behaviour, Kondo effect, quantum criticality, anomalous metallic be-
haviour and magnetic order combine with unconventional superconductivity
(USC) in the phase diagram (see Ref. [1] and references therein). The crystal
structures along the series depend on the number of m layers of cubic RIn3
units stacked sequentially along the c axis with intervening MIn2 layers.
Single layer members crystallize in the tetragonal HoCoGa5-type structure.
To understand the evolution of the magnetic properties, an instructive
exercise is to evaluate the strength of the magnetic interaction to dilution by
substituting the magnetic rare earth atoms with non-magnetic ones. For in-
stance, in the Ce1−xLaxRhIn5 and Ce1−xLaxCoIn5 the long range Ruderman-
Kittel-Kasuya-Yoshida (RKKY) magnetic interaction is affected in different
ways[2, 3, 4, 5, 6, 7, 8, 9, 10, 11]. The magnetic order along the series
Ce1−xLaxRhIn5 is suppressed at a critical concentration compatible with
a two dimensional magnetic order, due to the anisotropic couplings[2, 4,
12, 13]. The evolution of the magnetic properties within the non-Kondo
La-substituted series Tb1−xLaxRhIn5 and Nd1−xLaxRhIn5 is different. Be-
cause of the crystal field effects, these compounds behave like Ising anti-
ferromagnets with sharp second order transitions as seen on specific heat
measurements[14, 15]. For the Tb series, TN extrapolates to zero at about
70% of La content which is compatible with a three-dimensional order. In
these cases, the magnetic susceptibility and specific heat data can be mod-
elled by considering the evolution of the magnetic exchange and crystal field
parameters with doping.
The substitution of the magnetic R ion by La introduces vacancies in the
magnetic lattice. These vacancies can induce weak or, the so-called, quenched
disorder [16]. The effect of this disorder depends on the lattice symmetry
and the dimensionality of the interactions. When the vacancies concentra-
tion is larger than the percolation limit the magnetic order is completely
suppressed. This percolation limit has been determined for various models,
in particular for classical spins on cubic [17, 18, 19] and square [20] lattices.
Further, the character of the paramagnetic (PM) to antiferromagnetic AFM
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transition may change. For Ising or classical Heisenberg models on a cubic
lattice, few impurities do not change the sharp second order transition[16].
Instead, renormalized parameters or critical exponents can be defined. This
corresponds to the behaviour seen on the Tb and Nd series[14, 15].
In this work, we study the Gd1−xLaxRhIn5 series with different Lan-
thanum concentration. GdRhIn5 undergoes an AFM transition below TN ≈
40 K to a commensurate magnetic structure with propagation vector (0, 1
2
, 1
2
)
and the moments oriented in the tetragonal ab-plane[21, 22]. Along the
La-substituted Nd-, Tb- and Ce-based compounds, first order crystal field
effects, anisotropic couplings as well as magnetic dilution effects take ac-
count of the TN decrease with x[2, 23, 24, 14, 15]. Gd
3+ is a magnetic S -ion
which cannot be affected by first order crystalline electric field (CEF) ef-
fects (because of its null angular momentum), nor by anisotropic couplings.
Instead, only dilution effects should be present. However, there are other
sources of magnetic anisotropy, as the magnetic dipolar interaction[25, 22].
Recently, the magnetic couplings in the compounds GdMIn5 (M= Co,Rh,Ir)
were determined through first principles calculations to be approximately
homogeneous[26].
In order to describe the dilution effects and their relevance to the physics
of the RRhIn5 family (R=Ce,Tb,Nd,Gd), we show that GdRhIn5 is well
described by a J= 7/2 Heisenberg model. When Gd is substituted with Lan-
thanum, the thermodynamic data can be compared to a phenomenological
model to account for magnetic disorder. The latter is responsible for the
broadening of the specific heat data around TN , as well as for the abrupt
decrease of TN with x. Disorder driven short-range order has been proposed
for Ce0.5La0.5RhIn5[4, 2].
The paper is organized as follows. In Section 2, we present the results from
the analysis of the powder diffraction data and magnetic characterization as
a function of temperature (T) of the title compounds. In Section 3, the
magnetism of GdRhIn5 is theoretically discussed. A model to account for
the magnetic disorder is introduced for the doped cases. The specific heat
data for x ≤ 0.4 can be rescaled into a universal curve for low T. In Section
4, the experimental results are discussed in the framework of the classical
Heisenberg model by considering the large Gd3+ spin value (S=7/2). Our
results are compared to those obtained within other La-substituted non-S
members from the RRhIn5 series, where CEF effects are relevant. Finally,
we present our conclusions.
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Figure 1: (a) Unit cell parameters evolution as a function of x. Error bars represent
the concentration uncertainty (∆x =0.03), as extracted from susceptibility data (below).
Dashed dot lines are guides to the eyes. The evolution of the unit cell volume with x is
depicted in the inset.
2. Experimental
Single crystals of the Gd1−xLaxRhIn5 (nominal concentration x = 0.00,
0.15, 0.30, 0.40 and 0.50) compounds were synthesized by the metallic flux
technique [27]. High purity chemical elements were prepared in the (1-
x):(x):1:20 proportion for Gd:La:Rh:In, placed in an alumina crucible and
sealed in vacuum in a quartz tube before being treated in a conventional
furnace. The tetragonal HoCoGa5-type structure (space group P4/mmm)
were confirmed by ambient temperature X-ray powder diffraction (XPD)
data taken in a Shimadzu XRD-6000 diffractometer working in the Bragg-
Brentano geometry, graphite monochromator and Cu Kα radiation. For the
magnetic characterization, dc susceptibility measurements were performed
in a commercial SQUID magnetometer at H = 1 kOe in the temperature
range between 2 and 300 K. Specific heat measurements were performed in
a commercial small-mass calorimeter that employs a quasi-adiabatic thermal
relaxation technique. C(T) data were taken between 1.8 ≤ T ≤ 60 K.
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2.1. Experimental Results
Fig. 1 shows the evolution of the tetragonal a and c cell parameters as
the La-content is increased. The unit cell volume evolution can be seen in
the inset. Both behaviours follow the Vegard’s law for solid solutions. a, c
and unit cell volumes were determined from least-squares fittings of the Bragg
peak positions [28]. Statistical error bars for the cell parameters (vertical) are
smaller than the symbols used and cannot be observed. Horizontal error bars
were estimated from linear fits to the inverse of the magnetic susceptibility
data (see below). For the single crystal orientation, Laue diffraction data
was taken for all studied sample. From this data is possible to confirm
that the sample surface is perpendicular to the [001] direction (plate-shape
morphology).
Figure 2: (Color online) (a) Magnetic susceptibility χ‖ (continuous curve) and χ⊥ (dash-
dotted curve) as a function of temperature and La-content. (b) Magnetic contribution to
the specific heat as a function of temperature, C/T(T). The inflection points from the C/T
anomaly (high T side) were defined as TN . Data for each La concentration is indicated by
arrows. The inset shows the magnetic entropy (see text).
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Fig. 2(a) shows the temperature dependence of the dc magnetic suscep-
tibility with the magnetic field perpendicular, H ⊥ c, and parallel, H ‖ c,
to the tetragonal c-axis. For the perpendicular measurements, the field was
first applied parallel to the two in-plane directions (a and b) – not shown.
No differences were observed between both datasets. Hence, the measure-
ment along one of these directions was assumed as the χ⊥(T ) data for each
concentration. In order to extract the effective magnetic moment per Gd3+
ion (µeff ) and estimates the La concentration, the average polycrystalline
susceptibility χpoly = (χ//+2χ⊥)/3 was determined (not shown). From the
linear fit to high temperature data of the reciprocal χ−1poly vs. T data, µeff
was calculated within ±0.03 of uncertainty (horizontal error bars in fig. 1).
Fig. 2(b) shows the magnetic contribution to the specific heat data, C/T,
for zero applied field (x ≤ 0.40). The inflection point in the C/T curves
coincides well with the maximum for χ(T ) data for x = 0, 0.15 and 0.30.
Therefore, the T values extracted from C/T data have been taken as Ne´el
temperatures TN for x < 0.40. For x = 0.50 (not shown) no anomalies were
observed within the studied T range. All curves in Fig. 2(b) were corrected
for the phonon contribution using the non-magnetic C/T data of LaRhIn5.
The magnetic entropy, calculated as
∫ Tmax
Tmin
C/TdT , was also extracted (see in-
set; Tmin,max refers to the minimum and maximum measured temperatures).
Around Tmax all the expected 3Rln2 entropy per mol of Gd is recovered.
3. Modeling weak disorder on a S = 7/2 spin lattice
In this section, we first show that both the χpoly and C(T) data of
GdRhIn5 are well reproduced by the Heisenberg model in a cubic lattice. We
use this result to introduce a simple, phenomenological, model for quenched
disorder that accounts for the experimental results for small La concentra-
tions. In particular, substitutional effects are described by a spin model with
a single energy parameter.
3.1. Susceptibility and specific heat of the S = 7/2 3D Heisenberg model
Magnetic correlations between rare earth moments within the RRhIn5
series have been discussed in refs. [21, 13, 22]. It is known that they couple
at first order through three different Heisenberg (Ji) terms (Fig. 3). There
are two couplings between nearest neighbours (NN) in the ab plane: a term
J0 along the [100] direction and a J1 term between next-nearest neighbours
(NNN) in the plane diagonal [110]. A third contribution, J2, takes place
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between NN along the [001] direction[13]. The existence of both J0 and J1
couplings induces magnetic frustration. When J1 > 0.6J0, this frustration is
partially solved with ferromagnetic (FM) chains along one of the crystallo-
graphic directions, and AFM correlations along the two others [22, 29, 30].
Single arrows in Fig. 3 indicate the relative orientation of the Gd magnetic
moments according to the wave vector ~k = (01
2
1
2
)[22]. For the GdMIn5 com-
pounds (M=Rh,Co,Ir), first principle calculations have estimated the values
of these couplings. It allows to quantitatively explain several thermodynam-
ics measurements [26, 31].
Figure 3: (Color online) The C -AFM magnetic structure of GdRhIn5. J0, J1, and J2
magnetic exchange between Gd atoms are indicated by double sided arrows. Solid arrows
represent the relative orientation of the Gd magnetic moments according to the wave
vector ~k = (0 12
1
2 ) and the orientation as determined in ref. [22].
The specific heat and the χpoly data of GdRhIn5 are reproduced by a
Heisenberg model considering only a single coupling J between first neigh-
bours (Figs. 4(a) and (b)). This coupling represents the average of the J0,
J1 and J2 terms. For GdRhIn5, J = 1.83 K, as determined by first principle
calculations [26]. To fit the experimental data, here we used a slightly smaller
J = 1.7 K, similar to what has been done in ref. [26].
The Heisenberg model in a cubic lattice is given by the Hamiltonian
7
H = J
∑
〈i,j〉
Si · Sj, (1)
where Si,j are quantum spins with |S| = 7/2. This model has a check-
board like ground state (G-AFM) contrary to the actual C-AFM order of
GdRhIn5. However, the specific heat and polycrystalline susceptibility are
well reproduced.
Figure 4: (Color online) C(T) vs. T (a) and the χpoly (b) data for the GdRhIn5 com-
pound compared to the 3D Heisenberg model for spin S = 7/2. Panels (c) and (d) show
representative observed data together with the discrete (x = 0.15, 0.40) and continuous (x
= 0.50) averaged disorder simulations (see section 3.2). For the simulated data we used
continuous curves to represent x = 0.15 (black), 0.40 (blue) and 0.50 (green) concentra-
tions. The normalized T/J(x) scale is used to allow the comparison between the C(T) low
temperature data. J(x) = 1.7, 0.8 and 0.7 K for x = 0.15, 0.40 and 0.50, respectively.
To solve the model we have used a quantum Monte Carlo (QMC) algo-
rithm from the ALPS library [32] for T > 10 K. In particular, we use the
“loop” algorithm with up to 106 thermalization and sweep steps and com-
pare with numerical results extrapolated to the thermodynamic limit. For
disorder averages we use results obtained in a 123 lattice (see below). QMC
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error bars (not shown in Fig 4) are roughly of the same order of the symbol
sizes used for the observed data. At low temperatures, AFM spin waves for
the specific heat were used:
C(T → 0) = R32× pi
5
15123/2
(
T
SJ
)3, (2)
where R is the gas constant. A gyromagnetic factor g value of 2 was assumed
for susceptibility. For the full derivation of the specific heat for all T ranges
see ref. [26].
3.2. Simulating the substitutional disorder
La substitution at the R sites introduces vacancies in the magnetic lat-
tice which are randomly distributed. This kind of disorder is called weak
or quenched disorder, as it does not evolve with time nor induce frustration
[16]. These vacancies modify the number of magnetic neighbours, which in
turn induces spatial variations on the coupling strength. In some situations,
the magnetic transition remains sharp in the presence of these defects, as in
the cases of the Ising and Heisenberg model in a cubic lattice. But when
“rare regions” are present, the sharp phase transition can be completely
destroyed [16]. These are regions where vacancies are absent or, more gener-
ically, where an approximately uniform field acts on every spin. As shown
above, doping GdRhIn5 with La changes the sharp transition to a smooth
one (Figs. 2 and 4). This experimental fact indicates that ordered regions
are an important ingredient to model substitutional disorder. For each of
these ordered regions a critical temperature can be defined. The upper limit
for the vacancy concentration that destroy the magnetic order is given by
the 3D magnetic percolation limit. Above this concentration (xc(3D) = 0.68
for classical spins on a cubic lattice [17, 18, 19]) most magnetic ions are un-
correlated. Below this limit the magnetic order is usually well defined at low
temperatures.
A complete theoretical study of the effect of vacancies on the magnetic
model would imply numerical simulations of lattices with randomly removed
magnetic sites in the compound full model, probably a Heisenberg model
with at least NNN hopping. Such kind of computational approximation (see
for instance ref. [18]) is beyond the scope of this work. Instead, we introduce
a simple, phenomenological model for the disorder originated by vacancies.
We assume that
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• The disordered lattice has regions where the number of neighbours
y is approximately constant. This number varies between 0 and the
number z of magnetic neighbours in the non-substituted compound
GdRhIn5. Thermodynamic quantities follow from a weighted average
of the properties for those regions. This hypothesis should fail close
to the percolation limit as a fractal dimension gives a more accurate
description of the disordered lattice [19].
• The Hamiltonian for a region with y neighbours is the same as for a 3D
Heisenberg model on a simple cubic lattice. Only the coupling strength
is rescaled according to the ratio y
z
. This approximation mimics the
mean field approach, where only the effective field yJ acting on a site
determines all properties (see bellow), and is partially justified by the
successfully application of the 3D Heisenberg model on a simple cubic
lattice (previous section). It is worth noting that the z = 6 describes the
cubic case, but the real experimental situation of tetragonal symmetry
should take into account 10 couplings (Fig. 3): the 6 NN (with J0,J2
coupling) and 4 NNN (with J1). However, when y is small (y . 2),
it can be inaccurate as the geometry for that neighbourhood is very
different.
In order to illustrate our approach, in Fig. 5 we present a two dimensional
example of this analysis of disorder. We consider spins on a square lattice
with one vacancy every four sites. In this network of spins, there will be
isolated (with no magnetic neighbours), 1-, 2-, 3- or 4-neighbour sites. The
last four cases are highlighted, respectively, with green, blue, red and black
arrows in Fig. 5 (a). Fig. 5 (b) considers the homogeneous situation where
every site has the average value of three neighbours. A slightly more complex
approach to the real disorder can be considered by decomposing the spin
network of panel (a) as a collection of regular arrangements with y = 0, 1, 2, 3
or 4 neighbours (Fig. 5 (c)). Each situation has a given probability (panel
d) which, for simplicity, we approximate to a binomial distribution. In this
case, the thermodynamic properties are weighted averages of rescaled results
from the dense spin network. Thermodynamic results for y = 0, 1, 2, 3, 4 are
taken from those of the original dense lattice with a coupling y/4J .
To gain insight into the effect of disorder in the 3D case of Gd1−xLaxRhIn5,
let us begin with a mean field approximation. We consider an antiferromag-
net with only NN interaction. The effective field on each site is given by
Beff ∝ zJ〈S〉. z is the number of NN, J the NN coupling and |〈S〉| is the
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Figure 5: (Color online) Analysis of the magnetic disorder in a two dimensional case.
(a) Example of a network with one magnetic vacancy every four sites; 1-, 2-, 3- or 4-
neighbour sites are represented by green, blue, red and black arrows, respectively. (b)
Homogeneous situation where every site has three neighbours. (c) Collection of regular
arrangements with 0, 1, 2, 3 or 4 neighbours extracted from (a). (d) Probability of each
spin configuration vs. number of neighbours.
mean value of the spin on any site. If a fraction x of sites become vacant (by
substituting magnetic ions by non-magnetic ones, for instance), the average
number of neighbours decreases from z to z(1 − x) and the effective field
acting on a site decreases correspondingly. The Beff strength determines
the paramagnetic to antiferromagnetic phase transition (Ne´el) temperature
TN = z(1− x)S(S+1)3 J [33]. For x < 1, this transition is always second order
with a sharp discontinuity in the specific heat. Certainly, this is not the ex-
perimental situation observed in the series Gd1−xLaxRhIn5 for x > 0, which
shows that a better approach must be implemented.
We now consider the existence of regions where order can be defined.
Inside each region, any site has exactly y neighbours. This region appears
with a relative weight or probability P (y). We approximate P (y) as the
probability of finding y magnetic neighbours in a site of the full sample.
Each site could have up to z magnetic neighbours, thus 0 ≤ y ≤ z. The
probability of a given site to have y spin neighbours in a given configuration
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is the product of the probability of having exactly y spin neighbours and
the probability of having z − y vacancies, (1 − x)yxz−y. The number of
configurations is given by the combinatorial of y on z,
(
y
z
)
. Therefore, the
probability of having a region with y spin neighbours is given by the binomial
probability P (y) =
(
y
z
)
(1− x)yxz−y.
The sample is represented by the original lattice with z neighbours, but
the coupling is rescaled Jeff (y) = y/zJ . This rescaling assures that the effec-
tive field in the region is proportional to yJ and relates the thermodynamic
properties for each region (with y neighbours) to those of the original model
with z neighbours and coupling J . This approximation is clearly wrong for
small values of y. For example, y = 0 or 1 would mean an isolated atom or
a two atoms molecule, respectively, while y = 2 implies a linear chain, which
cannot give a finite ordering temperature. We assume that for x ≤ 0.50 such
small number of neighbours (y ≤ 2) is uncommon and have low impact in the
specific heat. For the magnetic susceptibility, we consider that these regions
have a free ion paramagnetic contribution.
The computation of the disorder-averaged specific heat and susceptibility
data follows below. The subindex “y” (“z”) will be used for the sample
(original) lattice property. For comparison with the experimental results we
use z = 10, which corresponds to the number of relevant magnetic neighbours
in GdRhIn5 (see fig.3).
3.2.1. Specific heat.
The specific heat for each region with y neighbours and effective coupling
Jeff (y) can be related to the original lattice by
Cy(T ) =
dEy(T )
d(T/Jeff × Jeff ) (3)
=
dEy(T )/Jeff
d(T/Jeff )
.
Because there is a single energy scale Ey(T = αJeff )/Jeff = Ez(T =
αJ)/J , so
Cy(T ) =
dEz(T/Jeff × J)/J
d(T/Jeff )
(4)
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=
dEz(T/Jeff × J)
d(T/Jeff × J)
= Cz(T/Jeff × J),
meaning that the specific heat in a region equals the specific heat in the
original model at temperature T/Jeff × J .
For a collection of samples with couplings Jeff (y) and relative weight
P (y) the averaged specific heat is given by
C(T ) =
z∑
y=1
Cy(T )P (y) =
z∑
y=1
Cz(
T
Jeff (y)
× J)P (y), (5)
where Cz is the specific heat for the ordered (x = 0) Hamiltonian. Notice
that Cz could be obtained from the experimental data of the non substituted
GdRhIn5 compound. Then, we start from the Heisenberg model specific heat
of GdRhIn5 as it correctly describes the experimental data (Fig. 4 (b)).
The results from these averages are shown in Fig. 4(c) with continuous
curves. Black, blue and green colours were used to identify the curves for the
x = 0.15, 0.40 and 0.50, respectively. The temperature has been scaled by the
average exchange term J(x) = (1 − x) × J . A good agreement between the
modelled and experimental data can be seen. When x increases, the specific
heat gets smoother around the transition. In the simulation, the original
x = 0 sharp transition is split between z smaller transitions. This causes
the splines observed around the transition for the x = 0.15, 0.40 continuous
curves.
For x = 0.5, we computed the specific heat by considering a flat distribu-
tion of y, P (y) = 1/z, for continuous values of 0 < y ≤ z. This distribution
has shown to be more adequate to describe the specific heat and susceptibility
data (Fig. 4 (c)).
For all concentrations and large enough T/J(x) (≥ 40) the universal be-
haviour is recovered. This is also the case for low T and concentrations
x ≤ 0.40. It is worth to notice that despite we only show data for x = 0.15
and 0.40, the low T data for x = 0.00 and 0.30 also collapses for T/J(x)≤10.
This universal behaviour corresponds to spin waves (C ∝ T 3) at low T. For
x = 0.5 the spin-wave-like behaviour is lost as a consequence of the large
amount of disorder.
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3.2.2. Susceptibility
Similar to the specific heat calculation, the susceptibility χy for the region
with y neighbours can be related to the original lattice susceptibility χz by
χy(T ) =
d2Ey(B, T )
d(B/Jeff × Jeff )2 (6)
=
J
Jeff
χz(T/Jeff × J)
The average susceptibility of a collection of samples with Jeff (y) and
relative weight P (y) is
χ(T ) =
z∑
y=0
χy(T )P (y) =
2∑
y=0
P (y)(gµB)
2S(S + 1)
3kBT
+ (7)
+
z∑
y=3
J
Jeff (y)
χz(T/Jeff (y)× J)P (y)
where for y ≤ 2 we consider a paramagnetic susceptibility.
These disorder-averaged susceptibilities are shown in Fig. 4 (d). The
temperature has been scaled by the average exchange term J(x). A good
agreement between experiment and theory can be observed for the smallest
doping x = 0.15, while for the x = 0.40 the model agrees well in the paramag-
netic region and down to near TN . For x = 0.50, only a qualitative agreement
is seen: the continuous model reproduces the lack of the maximum and the
divergence when T → 0.
4. Discussion
We have shown that magnetic specific heat and susceptibility data in
GdRhIn5 are well reproduced by the Heisenberg model in a cubic lattice. As
the La-content increases, the maximum on χ(T ) shifts to lower temperatures
in agreement with the weakening of magnetic correlations between Gd3+
ions. There is also an increased broadening of the C/T data around the
transition temperature. Broadening and shifting of the anomaly around TN
in the specific heat data was also observed in the Ce1−xLaxRhIn5 series[2, 4].
For the series Tb1−xLaxRhIn5 and Nd1−xLaxRhIn5, an Ising-like magnetic
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behaviour was observed even close to the percolation limits[14, 15]. In an
Ising-like system, it is expected that weak disorder renormalizes the exchange
parameters and the transition should remain sharp [16], as seen for the Tb
and Nd based series. Given that for GdRhIn5 the magnetic properties are
well described by the Heisenberg model and their large spin, one should
expect that the substitutional disorder affects this system like in the classical
Heisenberg model. For the latter, disorder affects the magnetic properties in
the same way as in the Ising model, renormalizing parameters and having
a sharp magnetic transitions[16]. As this is contrary to our experimental
results on doped GdRhIn5, in order to explain the data along the series we
consider the presence of a distribution of regions with well defined order.
In this work, we have modelled the weak disorder as a distribution of
regions, each with a uniform effective coupling between spins, which causes
a distribution of TN . The experimental data for the series Gd1−xLaxRhIn5
(0.15 ≤ x ≤ 0.40) shows an apparent contradiction with the Heisenberg
model. Our model for disorder assumes a larger number of neighbours z than
in the original Heisenberg Hamiltonian, which means that the couplings are of
longer range. In particular, next-nearest in-plane neighbours have to be taken
into account to explain the C-AFM order. For x = 0.50, the substitutional
disorder affects even the basic mechanisms destroying the low energy spin
waves excitations (Fig. 4 (c)). The flat distribution used to account for that
case points to relevant long range interactions, quite probably related to
RKKY couplings.
The experimental magnetic specific heat can be well reproduced for all
concentrations. This good agreement reflects the fact that specific heat mea-
surements sense energy variations. The low T universal behaviour is clearly
seen for all concentrations x ≤ 0.4 pointing to the existence of well defined
spin wave excitations. This good agreement is less obvious for the suscep-
tibility data, particularly for x ≥ 0.4. From the theoretical side, the model
considers a simple paramagnetic behaviour for regions with small number of
neighbours. As these regions are more common for higher La concentration,
their contributions are more complex, especially around the transition. This
is clear for the χpoly data of x = 0.5 where a low T paramagnetic divergence
is seen. These divergent contributions certainly affect the existence of a max-
imum in the susceptibility data at finite temperatures (down to the lowest T
available). Divergent susceptibilities when T → 0 can be obtained also in two
dimensional spin arrangements. This change in the interactions dimension-
ality is the dominant effect in Ce1−xLaxRhIn5 where inter-plane couplings
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Figure 6: (Color online) Normalized Ne´el temperature (TN ) evolution for the RERhIn5
series (RE = Ce, Tb and Gd) as a function of La-substitution. The thick dashed line is
the mean field TN prediction.
are inferred to be smaller than in-plane couplings[2, 4, 12]. However, for
GdRhIn5, it was shown that all couplings have similar magnitude[26]. The
presence of the spin disorder, as discussed above, may indeed change the di-
mensionality of interactions with La content, thus affecting the TN behaviour
with x.
In Fig. 6 we analysed the evolution of TN for the Gd1−xLaxRhIn5 series,
normalized by the TN of the GdRhIn5 compound, TN,x/TN,x=0. For the Gd-
based series, the data were extracted from the results of Fig. 2 for all the
studied samples. It can be observed that for x ≤ 0.30, TN can be defined
with the same value both from the maximum of the susceptibility or the
inflection point of the C(T )/T data. Indeed, up to this concentration TN
varies smoothly following the expected mean field tendency (TN ∝ 1 − x.)
For larger concentrations both criteria differ, thus TN defined from suscep-
tibility data drops abruptly for x = 0.40 while remains close to the mean
field expected value (dashed line) when defined by C/T. For x = 0.50, the
cross-filled circle symbol indicates the normalized TN as extracted from the
disorder simulation. We show for comparison the reported TN values from
the series Ce1−xLaxRhIn5 (filled diamonds) [2], Tb1−xLaxRhIn5 (stars) [14]
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and Nd1−xLaxRhIn5 (filled circles with error bars)[15]. The normalized TN
for Gd1−xLaxRhIn5, as extracted from specific heat data, closely follows the
behaviour of the series Tb1−xLaxRhIn5. Therefore, one may expect the loss
of the magnetic order in the Gd diluted lattice at the same concentration as
Tb (xc ∼ 0.68). This is the expected result for a 3D magnetic system where
the order must disappear at the percolation limit xc=0.68[17, 18, 19]. The
susceptibility points to a critical concentration of xc ∼ 0.4. This value would
suggest a 2D percolation limit (xc,2D = 0.39 [20]) for the magnetic response,
which is clearly the case for CexLa1−xRhIn5 where TN can be well defined
from both χ(T ) or C/T datasets. For the present series, it seems more like
an artefact of the large susceptibility associated to the connected magnetic
regions.
Finally, dilution in Nd1−xLaxRhIn5 series [15] seems to share character-
istics of both Tb (with Ising-like couplings) and Gd (with Heisenberg like
couplings). It also shows an Ising like behaviour with sharp transitions.
However, the 3D percolation limit is partially hidden by a divergent suscep-
tibility, that does not allow to follow the magnetic transition beyond x = 0.4.
5. Conclusions
In summary, the results of the magnetic properties of La-substituted
Gd1−xLaxRhIn5 (x ≤ 0.50) antiferromagnetic compounds are discussed. While
GdRhIn5 can be modeled by a J = 7/2 Heisenberg model, when La substi-
tutes Gd the spin wave behaviour is conserved at low temperatures but the
sharp magnetic transition is destroyed. The substitutional disorder in these
compounds is described by a distribution of critical temperatures as a func-
tion of x. It determines the deviation of the TN decrease with x from a
mean field behaviour. This weak disorder can be simulated if we consider
the existence of regions with ordering temperature lower than the bulk order
temperature. For larger concentrations, but still below the percolation limit,
the critical temperatures distribution suffers a strong change that is clearly
seen in both the low temperature specific heat and magnetic susceptibility
data. Contrary to the expected behaviour, these results are not compatible
with a classical spin Heisenberg model. The studied series represents a sim-
ple 4f (L = 0) AFM system for the study of substitutional disorder effects
and short range order in anti-ferromagnets, which are relevant to understand
AFM quantum phase transitions[4, 34]. Furthermore, for the physics of the
RRhIn5 family, our results confirm the relevance of CEF effects on the be-
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haviour of the magnetic properties when R=Tb,Nd. Further dilution studies
on Gd1−xYxRhIn5 would be valuable to shed light into the role of the dis-
order discussed in this work since Y3+ has closer atomic size to Gd3+ than
La3+ has.
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